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INTRODUCTION 

Because of t h e  l i m i t a t i o n s  on t h e  amount of i n fo rma t ion  t h a t  can 
be o b t a i n e d  from p o l a r i z a t i o n  c u r v e s  and material ba l ances ,  it w a s  
f e l t  desirable t o  s t u d y  t h e  behav io r  of hydrocarbon f u e l  ce l l  anodes . 
w i t h  mul t ipu l se  poten t iodynamic  (WP) t echn iques  such  as have been 
developed f o r  m i c r o e l e c t r o d e s ( l , 2 ) .  An a d d i t i o n a l  purpose of t h e  work 
was t o  compare o b s e r v a t i o n s  upon f u e l  c e l l  electrodes wi th  s i m i l a r  
o b s e r v a t i o n s  w i t h  p l a t inum w i r e  mic roe lec t rodes .  Such a comparison, 
which has  been made i n  t h e  case of e t h a n e ,  has  been d e s c r i b e d  else- 
where(3) .  
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In  t h e  cour se  of f u e l  c e l l  work i t  has  been observed  q u i t e  
g e n e r a l l y  t h a t  t h e  per formances  of  a l l  s a t u r a t e d  hydrocarbons a r e  s i m i -  
lar  a l though  t r e n d s  are e v i d e n t  as t h e  molecular  weight  is changed. 
For  t h i s  reason  t h e  t h r e e  simplest hydrocarbons,  methane, e thane ,  and 
propane,  w e r e  used i n  t h i s  s t u d y  as model compounds, and t h e  more de- 

of a p rev ious ly  d e s c r i b e d ( 4 )  "conducting-porous-Tef lon"  f u e l  ce l l  
e l e c t r o d e  ( con ta in ing  p l a t i n u m  b lack  as the c a t a l y s t )  w a s  employed. 

J 
t a i led  work was c o n f i n e d  to t h e  f i r s t  two f u e l s .  A m i n i a t u r e  v e r s i o n  l 
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EXPERIMENTAL 

A three-compartment ,  T e f l o n  c e l l  d e s c r i b e d  e l sewhere(3)  w a s  used , 
i n  t h e s e  exper iments .  The working e l e c t r o d e  c o n s i s t e d  of a 0.2 c m  
d i ame te r  Teflon-bonded, p l a t inum b lack  e l e c t r o d e ( 4 ) .  Both t h e  hydro- 
gen r e f e r e n c e  and t h e  c o u n t e r  electrodes w e r e  p l a t i n i z e d  plat inum 
f l a g s .  The former communicated wi th  t h e  working anode through a Luggin , 
c a p i l l a r y .  The c e l l  w a s  o p e r a t e d  i n  an  a i r  the rmos ta t ,  e n a b l i n g  con- 
t r o l  of tempera ture  to  w i t h i n  0.1"C. 1 

w a s  p repa red  from r e a g e n t  g rade  p e r c h l o r i c  acid and q u a r t z  d i s t i l l e d  I 
The 4 .3  E p e r c h l o r i c  acid e l e c t r o l y t e  s o l u t i o n  used f o r  t h i s  work 

water. E l e c t r o l y t i c  g r a d e  hydrogen w a s  used i n  t h e  r e f e r e n c e  e l e c t r o d e  
chamber, and P h i l l i p s  r e s e a r c h  g rade  hydrocarbons were used  as t h e  
f u e l s .  Tank argon,  deoxygenated by passage  ove r  hea ted  copper  t u r n i n g s ,  
w a s  used as the  " fue l "  for o b t a i n i n g  s o l v e n t  b lanks .  Tank argon was 
a l s o  used f o r  degass ing  t h e  s o l u t i o n .  

p r e v i o u s l y ( 1 ) .  

s t u d i e s  a t  c o n s t a n t  p o t e n t i a l  is shown i n  F i g .  1. The s i g n i f i c a n c e  
of t h e  s t e p s  is covered  below. 

The e l e c t r o n i c  i n s t r u m e n t a t i o n  and c i r c u i t  have been described 

The p o t e n t i a l - t i m e  sequence  a p p l i e d  t o  t h e  anode f o r  adso rp t ion  

A.  P re t r ea tmen t  s t e p  (15 sec) t o  remove o x i d i z a b l e  i m p u r i t i e s  
and to  produce a l a y e r  of "adsorbed oxygen" which s e r v e s  t o  
block f u e l  a d s o r p t i o n .  The s o l u t i o n  is v i g o r o u s l y  s t i r r e d  
and purged wi th  argon to  remove molecular  oxygen and oxida-  
t i o n  p r o d u c t s  formed. 
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P o t e n t i a l  s t e p ,  d u r i n g  which t h e  oxygen l a y e r  formed i n  (A) is 
ma in ta ined ,  and t h e  s o l u t i o n  is purged f o r  an a d d i t i o n a l  1 
minute.  The s o l u t i o n  is t h e n  allowed t o  become q u i e s c e n t  f o r  
1 minute .  

Reduct ion s t e p  (15 s e c )  d u r i n g  which t h e  "adsorbed oxygen" 
l a y e r  is comple t e ly  reduced w i t h i n  t h e  a l l o t t e d  t i m e .  A t  t h i s  
low p o t e n t i a l  (0.06 v o l t )  t h e  a d s o r p t i o n  of t h e  hydrocarbons 
is blocked. T h i s  s t e p  w a s  i nc luded  so t h a t  t h e  r e d u c t i o n  o f  
t h e  s u r f a c e  and t h e  a d s o r p t i o n  of t h e  hydrocarbon would no t  
o c c u r  s i m u l t a n e o u s l y .  However, omission of t h i s  s t e p  w a s  found 
t o  have no d e t e c t a b l e  e f f e c t  on t h e . e q u i l i b r a t i o n s ,  excep t  f o r  
an i n i t i a l  c u r r e n t  t r a n s i e n t .  

Adsorpt ion s t e p ,  d u r i n g  which t h e  hydrogen from (C) is  
r a p i d l y  o x i d i z e d ,  exposing a r ep roduc ib ly  c l e a n  s u r f a c e  f o r  
a d s o r p t i g n .  
t i m e ,  TD . 
Anodic sweep a t  0 .1  v / sec .  The adsorbed f u e l  is ox id ized  and 
t h e  s u r f a c e  cove red  w i t h  a l a y e r  of "adsorbed oxygen". Sub- 
t r a c t i o n  o f  t h e  cha rge  due t o  s u r f a c e  o x i d a t i o n  from t h e  
t o t a l  cha rge  y i e l d s  t h e  cha rge ,  &E, r e q u i r e d  t o  o x i d i z e  t h e  
s u r f a c e  s p e c i e s  d e r i v e d  from t h e  adsorbed f u e l .  

A l t e r n a t i v e  t o  ( E ) ,  a c a t h o d i c  sweep a t  0.025 v / s e c .  which is 
used f o r  d e t e r m i n a t i o n  of t h e  "real" s u r f a c e  a r e a  of t h e  
e l e c t r o d e  from t h e  cha rge  @H corresponding t o  hydrogen 
d e p o s i t i o n .  I n  t h i s  case, argon is s u b s t i t u t e d  f o r  t h e  hydro- 
ca rbon  f u e l .  

The d u r a t i o n  of t h i s  s t e p  is t h e  a d s o r p t i o n  

When t h e  sequence of F i g .  1 is te rmina ted  i n  S t e p  (E')  ( l i n e a r  
c a t h o d i c  sweep) a "hydrogen-deposit ion" t r a c e  may be o b t a i n e d .  From 
t h e  cha rge ,  &H, a s s o c i a t e d  wi th  t h i s  trace, t h e  "real" area of t h e  
e l e c t r o d e  may be d e r i v e d ( 1 ) .  I n  t h e  p r e s e n t  work SQH w a s  determined 
us ing  a sweep r a t e  of 0.025 v / sec .  Over t h e  u s e f u l  r ange  of v = 0.01 
t o  0.1 v . / s ec . ,  &H has been found r e p r o d u c i b l e  t o  w i t h i n  5% Tor t h i s  
t ype  of e l e c t r o d e ( 3  . In  c a l c u l a t i n g  t h e  " r e a l "  a r e a  of t h e  elec- 
t r o d e  0 .21  mcoul/cm' w a s  assumed t o  be t h e  charge a s s o c i a t e d  wi th  one 
s q u a r e  c e n t i m e t e r ( 5 )  . 

For t h e  d e t e r m i n a t i o n  of t h e  cha rge ,  &E,  a s s o c i a t e d  w i t h  t h e  
o x i d a t i o n  of t h e  adsorbed hydrocarbon s p e c i e s ,  t h e  sequence of F i g .  1 
t e r m i n a t i n g  i n  s t e p  ( E ) ( l i n e a r  anodic  sweep) was used.  When argon is 
s e r v i n g  as t h e  " fue l "  t h e  a p p l i c a t i o n  of t h e  p u l s e  sequence t o  a n  
e l e c t r o d e  r e s u l t s  i n  an "oxygen adso rp t ion"  trace. When a s i m i l a r  
sequence is employed f o l l o w i n g  an e q u i l i b r a t i o n  w i t h  a hydrocarbon 
f u e l ,  a trace co r re spond ing  t o  o x i d a t i o n  of t h e  f u e l  as w e l l  as t h e  
e l e c t r o d e  s u r f a c e  is o b t a i n e d .  The c l o s e d  area d e f i n e d  by t h e  two 
t r a c e s  may be used f o r  t h e  d e t e r m i n a t i o n  o f  Q E . ( ~ )  
c l o s e d  a r e a  co r re sponds  to  c h a r g e ,  QE', which may i n c l u d e  s e v e r a l  terms: 

A c t u a l l y  t h e  

where QE = cha rge  co r re spond ing  t o  o x i d a t i o n  of t h e  hydrocarbon 
f u e l  adsorbed on t h e  s u r f a c e  du r ing  s t e p  (D) . 

'The s u b s c r i p t  he re  and f o r  o t h e r  t i m e  i n t e r v a l s  r e f e r s  t o  t h e  s t e p  
invo lved  acco rd ing  to  Fig.  1. 
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Q,,, = cha rge  co r re spond ing  t o  f u e l  no t  adsorbed d u r i n g  
s t e p  (D) b u t  which o x i d i z e s  d u r i n g  s t e p  (E)  w i th  
or wi thou t  a preceding  adso rp t ion  s t e p .  

= D i f f e r e n c e  in c a p a c i t i v e  cha rges  inc luded  under  t h e  
"oxygen adso rp t ion"  and " fue l "  traces due t o  
d i f f e r e n c e s  in i n i t i a l  s u r f a c e  states.  

40 = D i f f e r e n c e  i n  cha rges  due t o  s u r f a c e  o x i d a t i o n ,  
i n c l u d e d  under  "oxygen adso rp t ion"  and " fue l "  
traces. 

@cap. 

I t  has  p rev ious ly  been demonst ra ted ,  w i th  e thane  on smooth p la t inum,(2)  
t h a t  QE1 y Q i f  v < 20 v/sec .  A t  h i g h e r  v a l u e s  of v, QE? < QE, a t  
least p a r t i a f l y  because  some of t h e  adsorbed f u e l  is r e t a i n e d  on the  
s u r f a c e  du r ing  sweep ( E ) .  A t  t h e  o t h e r  end of t h e  scale, i t  is i m -  
p o r t a n t  t h a t  t h e  sweep speed  no t  be so slow t h a t  a p p r e c i a b l e  read- 
s o r p t i o n  of t h e  f u e l  o c c u r  d u r i n g  s t e p  ( E ) ,  and cause  Q 11 > 0. For 
t h e  p r e s e n t  electrode the u s e f u l  range  of v was examine! by adsorb ing  
a f i x e d  amount of e t h a n e  (cor responding  t0-Q = 600 s e c )  and measuring 
QE1 f o r  a range of  sweep speeds (3 ) .  The u s e f u l  range w a s  found t o  ex- 
t end  from approximate ly  0 . 1  t o  0.4 v/sec . ,  and i n  t h i s  range w e  assume 
&E = Q E I .  
p r e s e n t  work. 

A sweep speed  of  - v = 0.1 v /sec  was used r o u t i n e l y  i n  t h e  

P o l a r i z a t i o n  c u r v e s  were ob ta ined  in two ways. The first method 
involved  a p p l i c a t i o n  o f  S t e p s  (A-D) of F ig .  1 b e f o r e  each measurement 
of c u r r e n t  a t  a p a r t i c u l a r  p o t e n t i a l  U. In t h e  second method, s t e p s  
(A-D) of  F i g .  1 were a p p l i e d  o n l y  once, a t  t h e  lowest v a l u e s  of U. 
The p o t e n t i a l  was t h e n  changed i n  increments  and t h e  c u r r e n t  recorded  
f o r  each p o t e n t i a l  a f t e r  an  appa ren t  c o n s t a n t  va lue  w a s  e s t a b l i s h e d .  
The t w o  methods gave e s s e n t i a l l y  i d e n t i c a l  r e s u l t s .  

RESULTS 

Traces  o b t a i n e d  d u r i n g  l i n e a r  anodic  sweeps (1 . a . s . )  are shown i n  
F ig .  2 f o r  methane, e t h a n e ,  and propane a f t e r  e q u i l i b r a t i o n s  a t  60°C 
a t  0.3 and 0.4 v o l t .  An argon b lank  is a l s o  inc luded  f o r  comparison 
purposes .  The e t h a n e  and propane show two t y p e s  of o x i d a t i o n  waves. 
Wave 1 occur s  a t  p o t e n t i a l s  below which (approx.  0.8 v) t h e  e l e c t r o d e  
s u r f a c e  is i t s e l f  o x i d i z e d .  Th i s  f i r s t  wave g e n e r a l l y  e x h i b i t s  a 
wel l -def ined  peak. The second wave is more d i f f u s e  and ex tends  a l l  
t h e  way from approximate ly  0.8 v o l t  t o  oxygen-evolut ion p o t e n t i a l s .  
Methane d i f f e r s  markedly i n  t h a t  on ly  wave 1 can  be d e t e c t e d  d u r i n g  
o x i d a t i o n  of t h e  ad - l aye r .  S i m i l a r  s t r u c t u r e s  have been observed  f o r  
t h e  o x i d a t i o n  waves o b t a i n e d  f o r  e t h a n e  adsorbed on pla t inum wire 
micro e l e c t r o d e s ( 2 , 6 ) .  These r e s u l t s  imply a range of r e a c t i v i t i e s  
f o r  a v a r i e t y  of  ad - spec ie s  on t h e  e l e c t r o d e  s u r f a c e .  

The a d s o r p t i o n  of methane and e thane  has  been examined ove r  a 
wider  range of p o t e n t i a l s  than  are shown i n  F ig .  2. I n  bo th  cases a 
maximum value  of  QE occur s  around 0.3 v. B e l o w  0 . 1  v o l t ,  bo th  ad- 
s o r p t i o n s  become  n e g l i g i b l e  because of suppres s ion  b y  hydrogen on t h e  
s u r f a c e .  A t  p o t e n t i a l s  above 0.5 v o l t  noad- layer  is observed  f o r  
methane because of r a p i d  o x i d a t i o n  fo l lowing  a d s o r p t i o n .  Wave 1 f o r  
e t h a n e  becomes n e g l i g i b l e  at  p o t e n t i a l s  above 0.6 v o l t  and Wave 2 
a t  p o t e n t i a l s  above 0.9 v o l t .  The former wave, l i k e  t h a t  f o r  methane, 
d i s a p p e a r s  because t h e  ad-spec ies  a s s o c i a t e d  w i t h  i t  are ox id ized  a s  
r a p i d l y  as t h e y  appea r  on t h e  s u r f a c e .  The l a t t e r  wave d i s a p p e a r s  
a t  t h e  h ighe r  p o t e n t i a l s  because of r a p i d  o x i d a t i o n  as w e l l  as 
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s u p p r e s s i o n  of t h e  a d s o r p t i o n  ra te .  

bonded e l e c t r o d e s  have been unrewarding. Rates of a d s o r p t i o n  are 
e x c e s s i v e  fo r  t h e  l o w  s c a n  rates p e r m i s s i b l e  w i t h  t h e s e  e l e c t r o d e s ,  
and r e a d s o r p t i o n  p r e v e n t s  t h e  a c c u r a t e  measurement of QE. With 
Pla t inum w i r e  m i c r o e l e c t r o d e s ,  however, Gilman(6) h a s  demonstrated 
t h a t  adsorbed e t h y l e n e  and a c e t y l e n e  show only  wave 2 a t  60°C. 

and e t h a n e  adsorbed at 0.3 v o l t  is  shown i n  F ig .  3. A t  6 5 " C ,  t h e  
s i n g l e  wave is e v i d e n t  f o r  methane f o r  e q u i l i b r a t i o n  t i m e s  as 10% as 
one hour .  I n  t h e  case of  e t h a n e  a t  6OoC, t h e  ratio of  t h e  c h a r g e s  
a s s o c i a t e d  w i t h  wave 1 and wave 2 is n o t  a s e n s i t i v e  f u n c t i o n  of t h e  
a d s o r p t i o n  t ime. A t  0.3 v o l t  about  4556 o f  t h e  c h a r g e  is a s s o c i a t e d  
w i t h  wave 1, and t h i s  v a l u e  p r e v a i l s  up t o  a p o t e n t i a l  of 0.5 v o l t .  
A t  h i g h e r  p o t e n t i a l s  t h e  r a t i o  d e c l i n e s  r a p i d l y .  

Attempts to  o b t a i n  s imi la r  d a t a  fo r  e t h y l e n e  w i t h  t h e  Teflon-  

The e f f e c t  of  e q u i l i b r a t i o n  t i m e  on t h e  1.a.s. traces f o r  methane 

A t  0.3 v o l t ,  QE i n i t i a l l y  v a r i e s  l i n e a r l y  w i t h  t i m e  b u t  subse-  
q u e n t l y  becomes l i n e a r  w i t h  t h e  l o g a r i t h m  o f  t i m e  f o r  bo th  methane and 
e t h a n e .  A t  65OC t h e  m a x i m u m  ( i n i t i a l )  a d s o r p t i o n  ra t  for methane i n  
terms of  &&/At is approximate ly  0.00015 mcoul/sec/cm' of "rea&" area. 
F o r  e t h a n e  a t  6OoC, &E/At is approximately 0.010 mcoul/sec/cm . A t  
25°C t h e  rate for e t h a n e  is approximate ly  one t e n t h  t h a t  a t  60°C. The 
rate f o r  e thane  a t  25°C is t o o  low f o r  r e l i a b l e  measurement w i t h  t h e  
p r e s e n t  s y s t e m .  

Because of t h e  s l o w  a d s o r p t i o n  of methane, even a t  65OC,  an hour 
is r e q u i r e d  a t  0.3 v o l t  b e f o r e  "s teady-s ta te ' '  coverage is approached. 
In t h e  case o f  e t h a n e ,  however, "s teady-s ta te"  is e s s e n t i a l l y  achieved 
Mi th in  10 minutes  a t  6 0 ° C .  A t  h i g h e r  p o t e n t i a l s ,  e .g . ,  0 . 4  t o  0.6 
v o l t ,  methane a lso approaches s t e a d y - s t a t e  w i t h i n  10  minutes (but  w i t h  
lower s u r f a c e  coverages) .  A t  t h e s e  p o t e n t i a l s  e t h a n e  r e a c h e s  s teady-  
s ta te  w i t h i n  a f e w  minutes .  More d e t a i l e d  t r e a t m e n t  of t h e  k i n e t i c s  
of t h e s e  a d s o r p t i o n s  are g i v e n  e l sewhere(3 ,7) .  

F i g u r e s  4 and 5 show t h e  e f f e c t  of tempera ture  on t h e  1.a.s. 
traces f o r  methane and e t h a n e .  Because t e n  minute e q u i l i b r a t i o n s  were 
used i n  a l l  cases, t h e  traces do n o t  a l l  cor respond t o  "s teady-state ' '  
coverages ,  p a r t i c u l a r l y  a t  t h e  lower tempera tures .  I t  is p e r t i n e n t  t o  
n o t e ,  however, t h a t  t h e  wave f o r  methane grows i n  v e r y  r a p i d l y  as t h e  
tempera ture  is raised. 
nounced a t  t h e  h i g h e r  tempera tures  - i n  t h i s  case a t  t h e  expense of 
wave 2. 

The n a t u r e  of  t h e  s p e c i e s  associated w i t h  1.a.s. waves 1 and 2 
is of c o n s i d e r a b l e  i n t e r e s t .  In view of  p a s t  o b s e r v a t i o n s ,  t h a t  t h e  
material associated w i t h  t h e  f i r s t  wave is r e s i s t a n t  to  removal by 
c a t h o d i c  hydrogenat ion(6,8)  and is probably  p a r t i a l l y  oxygenated(81, 
s e v e r a l  a d d i t i o n a l  exper iments  were undertaken.  TO demonst ra te  t h a t  
r e l a t e d ,  p a r t i a l l y  oxidized s p e c i e s  do indeed oxidize f u r t h e r  on  t h e  
Teflon-bonded e l e c t r o d e s  a t  6OoC o v e r  t h e  same p o t e n t i a l  range as 
wave 1, t h e  d a t a  i n  F i g .  6 were o b t a i n e d .  For  t h i s  purpose,  t h e  
e l e c t r o d e  w a s  e q u i l i b r a t e d  w i t h  CO ( a t  0.3 v o l t ) ,  C02 ( a t  0.06 and 
0.2 v o l t )  and argon s a t u r a t e d  w i t h  formic  acid vapor  a t  25°C (at 0.06 
and 0.2 v o l t )  p r i o r  t o  t h e  1.a.s.  I t  w a s  f u r t h e r  observed t h a t  t h e  
s u r f a c e  s p e c i e s  from t h e s e  e q u i l i b r a t i o n s  were n o t  removed by c a t h o d i c  
hydrogenat ion.  

S i m i l a r l y ,  wave 1 f o r  e t h a n e  becomes more p r o - '  
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To de termine  whether  some of t h e  s p e c i e s  of wave 1 a r e  re- 
movable by c a t h o d i c  hydrogenat ion ,  and t h e r e f o r e  probably unoxy- 
gena ted ,  a d d i t i o n a l  c a t h o d i c  hydrogenat ions  were performed a f t e r  
e q u i l i b r a t i o n s  of  t h e  electrode wi th  methane and e thane  at  s e v e r a l  
p o t e n t i a l s .  In t h e s e  expe r imen t s  sequence A-D of  F i g .  1 was f i r s t  
fo l lowed.  After a d s o r p t i o n  fo r  t i m e ,  TD* t h e  p o t e n t i a l  w a s  aga in  
s t e p p e d  down to 0.06 v o l t  f o r  2 t o  5 minutes  be fo re  a p p l i c a t i o n  of 
t h e  l i n e a r  anodic  sweep. The r e s u l t s  of t h e s e  exper iments  are 
summarized i n  F i g .  7 and Tab le  I. I t  is clear t h a t  i n  each  case a 
p o r t i o n  of  t he  s u r f a c e  s p e c i e s  w a s  removed by t h i s  t r e a t m e n t .  The 
amount removed dec reased  w i t h  i n c r e a s i n g  e q u i l i b r a t i o n  p o t e n t i a l .  
In the  case of t h e  e t h a n e  a l l  of wave 2 w a s  removed by t h e  hydrogena- 
t i o n  t r ea tmen t .  The p r e s e n t  r e s u l t s  f o r  e thane  d i f f e r  from those  of 
Gilman(2) who performed s imilar  hydrogenat ions  w i t h  t h e  w i r e  micro- 
e l e c t r o d e  a f t e r  e q u i l i b r a t i o n s  a t  0.4 v o l t .  In t h a t  case no desorp-  
t i o n  of wave 1 s p e c i e s  w a s  observed a f t e r  hydrogenat ion at 0 .06  v o l t .  
The d i f f u s e  s t r u c t u r e  o f  t h e  Tef lon  e l e c t r o d e  as w e l l  as small 
d i f f e r e n c e s  i n  t h e  c a t a l y t i c  behavior  may account  f o r  t h e  observed 
d i f f e r e n c e s .  

Table  I 

E f f e c t  of Cathodic  Hydrogenation on Wave 1 
(TD = 5 min; T = 5 min) 

HYd 
Methane 65OC Ethane 6OoC 

0 . 3  v o l t  0 . 4  v o l t  0.3 v o l t  0.4 v o l t  
Q: = i n i t i a l ;  mcouls 4.0 2.8 10.1 8 .O 

5.5 - - 2 . 3  3 .8  Qi = a f t e r  hydrogenat ion;  mcouls 2.5 - 
1 WE* mcouls 1.5 0.5 6 . 3  2 .5  

per  c e n t  removed 38 18 62 31 

Another a s p e c t  of  t h e  problem t h a t  w a s  g iven  a t t e n t i o n  w a s  t h e  
r e l a t i o n s h i p  between s u r f a c e  coverage and t h e  p o l a r i z a t i o n  curve: f o r  
methane and e thane .  Such d a t a  f o r  t h e  t w o  f u e l s ,  ob ta ined  a t  65 and 
6OoC, r e s p e c t i v e l y ,  are shown i n  F i g s .  8 and 9. In these f i  u r e s  t h e  
a b s c i s s a  i s  expres sed  i n  t e r m s  of t h e  c u r r e n t  d e n s i t y  p e r  cm5 of 
"real" and "geometr ica l"  area of t h e  e l e c t r o d e .  The re fo re ,  t h e  d a t a  
may be r e l a t e d  t o  t h e  a d s o r p t i o n  s t u d i e s  as w e l l  a s  performance curves  
f o r  o p e r a t i n g  f u e l  c e l l  d e v i c e s .  

The form of t h e  p o l a r i z a t i o n  cu rves  is t y p i c a l  of t hose  for  a 
v a r i e t y  of f u e l s  when t h e  d a t a  are ob ta ined  p o t e n t i o s t a t i c a l l y .  Even 
hydrogen shows t h e  minimum i n  t h e  r eg ion  from 0.9 t o  1 .4  v o l t  on 
smooth plat inum. Over t h e  p o t e n t i a l  range from 0.3 t o  0 . 4 5  v o l t ,  t h e  
cu rve  f o r  e thane  has  a l i n e a r  T a f e l  r e g i o n  w i t h  a s l o p e  of 0.066 v/ 
decade of c u r r e n t .  

The s u r f a c e  cove rages  i n  t h e s e  f i g u r e s  are expressed  i n  terms Of 
t h e  cha rge  pe r  s q u a r e  c e n t i m e t e r  of "real" area. 
to  t h a t  a s s o c i a t e d  w i t h  wave 1, and i n  t h e  case of e thane ,  QE 
refers t o  the  t o t a l  c h a r g e  a s s o c i a t e d  w i t h  t h e  combined s p e c i e s  of 
waves 1 and 2 .  

The cha rge ,  Q k  refers 
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D I SCUS S I ON 

Among t h e  p r e s e n t  o b s e r v a t i o n s ,  t h o s e  of  most s i g n i f i c a n c e  wi th  
r e g a r d  t o  t h e  performance of p r a c t i c a l  f u e l  c e l l  anodes are t h e  marked 
e f f e c t s  of tempera ture  on t h e  rates of a d s o r p t i o n  and on t h e  n a t u r e  
of t h e  s u r f a c e  s p e c i e s  as i n d i c a t e d  by t h e  1.a.s. traces. In t h e  
case of e t h a n e ,  a t e n - f o l d  i n c r e a s e  i n  th: i n i t i a l  a d s o r p t i o n  rate on 
a "clean" s u r f a c e  o c c u r s  i n  going  from 25 t o  60°C. A similar factor 
a p p l i e s  t o  t h e  p a r t i a l l y  covered s u r f a c e .  The e f f e c t  of tmeperature  
on t h e  cor responding  a d s o r p t i o n  rate formethane a p p e a r s  t o  be even 
more pronounced a l though r e l i a b l e  data c o u l d  not  be o b t a i n e d  a t  25'C. 
Such pronounced tempera ture  c o e f f i c i e n t s  f o r  t h e  a d s o r p t i o n s  are 
reflected i n  t h e  observed improvement i n  per.formance of hydrocarbon 
f u e l  cel ls  wi th  i n c r e a s i n g  tempera ture .  In p a r t i c u l a r ,  t h e y  relate 
t o  t h e  r e g i o n s  of " u n s t a b l e "  performance observed w i t h  s a t u r a t e d  
hydrocarbon f u e l  cel ls  operating on r e s i s t i v e  l o a d .  (9-11) Under 
t h e s e  c o n d i t i o n s ,  it w i l l  be recalled t h a t  a t  low c u r r e n t  d e n s i t i e s  
s t e a d y  performance is o b t a i n e d  whi le  a t  h i g h e r  c u r r e n t  d e n s i t i e s  t h e  
performance decays w i t h  t i m e  or, under  c e r t a i n  c o n d i t i o n s ,  osci l la-  
t i o n s  se t  i n ( 1 1 , 1 2 ) .  A s  a r e s u l t  of t h e  i n c r e a s i n g  a d s o r p t i o n  rates 
wi th  i n c r e a s i n g  tempera ture ,  t h e  r e g i o n  of i n s t a b i l i t y  Occurs a t  
c o n t i n u o u s l y  h i g h e r  c u r r e n t  d e n s i t i e s  as t h e  o p e r a t i n g  tempera ture  is 
i n c r e a s e d .  

When p o l a r i z a t i o n  c u r v e s  are o b t a i n e d  p o t e n t i o s t a t i c a l l y ,  as i n  
t h e  p r e s e n t  work, maximum c u r r e n t s  are observed i n  p l a c e  of t h e  in-  
s t a b i l i t y  a s s o c i a t e d  w i t h  r e s i s t i v e  loads. It  is of i n t e r e s t  t o  
compare t h e  v a l u e s  of t h e  maximum c u r r e n t s  i n  F i g s .  8 and 9 w i t h  t h o s e  
c a l c u l a t e d  from t h e  observed a d s o r p t i o n  rates on c l e a n  s u r f a c e s  as 
measured a t  0.3 v o l t .  

In c o n v e r t i n g  t h e  a d s o r p t i o n  rates t o  e q u i v a l e n t  c u r r e n t  dens i -  
t ies ,  it must be recalled t h a t  t h e  former are e x p r e s s e d  i n  terms of 
t h e  change i n  s u r f a c e  charge  w i t h  t i m e ,  ~ X & / p t .  Allowance must t h e r e -  
f o r e  be made for any o x i d a t i o n  t h a t  o c c u r r e d  d u r i n g  t h e  a d s o r p t i o n  
s t e p  i t se l f ;  e .g. ,  immediate o x i d a t i o n  of  d i s s o c i a t e d  hydrogen. T h i s  
may be  done by m u l t i p l y i n g  &&/At by t h e  r a t i o  of t h e  c h a r g e  associated 
w i t h  t h e  hydrocarbon f u e l  molecule  t o  t h a t  of t h e  adsorbed species. 

While t h e  p r e c i s e  composi t ion  of t h e  ad- layer  has  not  been e s t a b -  
l i s h e d  f o r  e i t h e r  methane or e t h a n e ,  e s p e c i a l l y  a f t e r  s h o r t  e q u i l i b r a -  
t i o n s ,  it is p o s s i b l e  t o  c a l c u l a t e  a range of  l i m i t i n g  c u r r e n t s  from 
t h e  a d s o r p t i o n  data a t  0.3 v o l t .  In t h e  case of methane, depending 
upon whether  t h e  ad- layer  is assumed to  have an average  composi t ion 
approaching t h a t  of  methyl  radicals or t h a t  of a h i g h l y  oxygenated 
s p e c i e s  s u c h  as CO, t h e  observed ra te  of a d s o r p t i o n  would be  equiva- 
l e n t  t o  a s t e a d y  state c u r r e n t  d e n s i t y  of from 0.15 t o  0 . 6  microamps/ 
c m 2  of  "real" area. The observed v a l u e  of 0.3 microamps/cm2 is i n  
good agreement i n  view of  t h e  e v i d e n c e  f o r  a mixture  of  C 1  r a d i c a l s  
and p a r t i a l l y  oxygenated s p e c i e s .  

For e t h a n e  it is r e a s o n a b l e  t o  b r a c k e t  t h e  composi t ion of t h e  
ad-layer  between one cor responding  to  C2H2 radicals and one correspond-  
i n g  t o  CO. T h i s  g i v e s  a range of  c u r r e n t  d e n s i t i e s  from 14 to 35 
microam s / c m 2 .  In t h i s  case t h e  observed  maximum c u r r e n t  of 2.5 micro- 
amps/cm8 is much lower t h a n  t h e  c a l c u l a t e d  v a l u e .  T h i s  undoubtedly 
reflects t h e  f a c t  t h a t  a t  t h e  p o t e n t i a l  of  t h e  maximum "steady-state" 
c u r r e n t  some of t h e  more r e f r a c t o r y  s p e c i e s  are p r e s e n t  on t h e  s u r -  
face and lower t h e  a d s o r p t i o n  rate r e l a t i v e  t o  t h a t  on t h e  "clean" 
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s u r f a c e  a t  0 .3  v o l t .  The d e c l i n e  i n  t h e  c u r r e n t  d e n s i t y  t h a t  occu r s  
a t  h i g h e r  p o t e n t i a l s  a p p e a r s  t o  r e f l e c t  f u r t h e r  r e d u c t i o n s  i n  ad- 
s o r p t i o n  r a t e s  as a r e s u l t  of s u c h  processes as " su r face  ox ida t ion" ,  
an ion  a d s o r p t i o n ,  and s t r o n g e r  bonding of wa te r  t o  t h e  s u r f a c e .  
These p r o c e s s e s  would also c o n t r i b u t e  t o  t h e  similar d e c l i n e  i n  
methane performance a t  the h i g h e r  p o t e n t i a l s .  

A t  low p o t e n t i a l s ,  t h e  e f f e c t  of t h e  a d s o r p t i o n  rate on t h e  
p o l a r i z a t i o n  cu rve  is minimal. Here i t  is clear t h a t  t h e  ove rvo l t age  
r e q u i r e d  f o r  the  f u r t h e r  o x i d a t i o n  of s u r f a c e  i n t e r m e d i a t e s  t o  CO2 
is l i m i t i n g ,  T h i s  is t r u e ,  of c o u r s e ,  under p o t e n t i o s t a t i c  condi- 
t i o n s  as w e l l  as w i t h  t h e  r e s i s t i v e  l o a d s  of p r a c t i c a l  f u e l  c e l l s .  

i t  would be premature t o  a t t e m p t  t o  d i s c u s s  them i n  any de t a i l  a t  
t h i s  t i m e .  I t  is a p p r o p r i a t e ,  however, t o  c o n s i d e r  b r i e f l y  some of 
the p o s s i b l e  p a t h s  s u g g e s t e d  by t h e  a v a i l a b l e  in fo rma t ion .  In p a r t i c u -  
l a r ,  i t  is p e r t i n e n t  t o  s p e c u l a t e  about  t h e  meaning of t h e  two s e p a r a t e  
1.a.s. waves s e e n  w i t h  e t h a n e  and propane, t h e  s i n g l e  wave seen w i t h  
methane, and t h e  ev idence  f o r  t h e  p a r t i a l l y  ox id i zed  s u r f a c e  s p e c i e s .  
I n  t h e  d i s c u s s i o n  t h a t  f o l l o w s ,  e thane  w i l l  be used as t h e  model w i t h  
t h e  e x p e c t a t i o n  t h a t  h i g h e r  molecular  weight  hydrocarbons w i l l  behave 
s i m i l a r l y .  The b e h a v i o r  o f  methane, i n  t u r n  w i l l  be somewhat s imple r .  

The i n i t i a l  s t e p  must c e r t a i n l y  i n v o l v e  a d s o r p t i o n  of t h e  f u e l  on 

With r ega rd  to s p e c i f i c  mechanisms f o r  t h e  o x i d a t i o n  r e a c t i o n s ,  

t h e  e l e c t r o d e  s u r f a c e .  On t h e  b a s i s  o f  c a r e f u l  k i n e t i c  s t u d i e s  w i t h  
e t h a n e  on wire m i c r o e l e c t r o d e s ,  Gilman has  concluded(6) t h a t  t h i s  
pr imary a d s o r p t i o n  s tep co r re sponds  t o  t h e  fo rma t ion  of an " e t h y l  
r a d i c a l "  on t h e  s u r f a c e .  T h i s  may be r e p r e s e n t e d  by 

* 
(1) C2H6(gas) + S - S-C2H5 + H+ + e 

a t  p o t e n t i a l s  a t  which a p p r e c i a b l e  c u r r e n t s  a r e  drawn from t h e  elec- 
t r o d e .  H e  p o i n t s  o u t  t h a t  an e q u i v a l e n t  r o u t e  is g iven  by 

( l a )  C2H6(gas) + 2s - S-C2H5 + S-H 

i n  which case t h e  adsorbed hydrogen is r a p i d l y  consumed by the V o l m e r  
r e a c t  i o n  : 

( l b )  S-H - s + H+ + e.  

A t  low p o t e n t i a l s ,  of c o u r s e ,  some of t h e  hydrogen w i l l  remain ad- 
so rbed  o n  t h e  s u r f  ace. 

Gilman t h e n  r e a s o n s  t h a t  t h e  e t h y l  r a d i c a l  f o l l o w s  two p a t h s .  
The f i r s t  r e s u l t s  i n  t h e  fo rma t ion  of f o u r  s u r f a c e  bonds t o  t h e  s u r -  
f a c e  without  r u p t u r e  o f  t h e  C-C l i n k a g e :  

(2) S - C2H5 + 3s - S4 - C2H2 + 3H' + 3e. 

* More p r e c i s e l y ,  t h e  g a s  w i l l  f i rst  d i s s o l v e  i n  t h e  e l e c t r o l y t e  and be 
t r a n s p o r t e d  by d i f f u s i o n a l  p r o c e s s e s  t o  t h e  e l e c t r o d e  where i t  w i l l  
adso rb  from s o l u t i o n .  While mass t r a n s p o r t  p rocesses  are n o t  l i m i t -  
i n g  i n  t h e  work under  d i s c u s s i o n ,  it is obvious t h a t  t h e y  c a n  become 
impor t an t  under some c o n d i t i o n s  of o p e r a t i o n .  
electrodes i t  is impor t an t  t h a t  mass t r a n s p o r t  l i m i t a t i o n s  be 
minimized. 

For p r a c t i c a l  f u e l  C e l l  
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T h i s  species is associated w i t h  wave 2 o b t a i n e d  w i t h  a 1.a.S.  and is 
i d e n t i c a l  w i t h  t h e  s i n g l e  adsorbed s p e c i e s  o b t a i n e d  when e t h y l e n e  and 
a c e t y l e n e  are adsorbed(6) .  The p r e s e n t  work is i n  accord  w i t h  t h i s  
i n t e r p r e t a t i o n ,  and c a t h o d i c  hydrogenat ions  of adsorbed e t h a n e  a t  
25°C have shown t h a t  t h e  major material on t h e  s u r f a c e  a t  t h a t  
t empera ture  c o r r e s p o n d s  t o  C2 s p e c i e s ,  whi le  t h o s e  f o r  propane 
cor respond t o  C 3  s p e c i e s ( 8 ) .  

The second r e a c t i o n  p a t h  of t h e  e t h y l  radical r e s u l t s  i n  t h e  
f o r m a t i o n  of  t h e  material a s s o c i a t e d  w i t h  wave 1, which Gilman a l s o  
o b t a i n e d  f o r  e t h a n e  on t h e  p la t inum w i r e  microelectrode. T h i s  wave 
he found, i n  c o n t r a s t  t o  wave 2,  t o  be r e s i s t a n t  t o  c a t h o d i c  hydro- 
g e n a t i o n .  H e  has  a lso found t h a t  t h e  specie 's  associated w i t h  wave 2 
do not  r e a d i l y  c o n v e r t  t o  t h o s e  of  wave 1.(6)  I n  t h e  absence of de- 
t a i l e d  k i n e t i c  d a t a  fo r  t h e  s p e c i e s  associated w i t h  wave 1 Gilman 
d i d  n o t  s p e c u l a t e  i n  d e t a i l  on its i d e n t i t y .  

The new data  o b t a i n e d  wi th  t h e  Teflon-bonded e l e c t r o d e s  a r e  
h e l p f u l  i n  t h i s  area. The s imi l a r i t i e s  between t h e  s i n g l e  wave f o r  
methane and wave 1 f o r  e t h a n e  s t r o n g l y  s u g g e s t  t h a t  t h e  second re- 
a c t i o n  p a t h  of t h e  e t h y l  r a d i c a l  i n v o l v e s  C-C bond f i s s i o n  as  i n d i -  
c a t e d  i n  t h e  f o l l o w i n g  g e n e r a l  e q u a t i o n :  

(3) S-C2H5 + S - 2 s  - CHa + (5-2a) H+ + (5-2a) e .  

T h i s  is i n  accord  w i t h  t h e  prev ious  o b s e r v a t i o n  t h a t  C 1  s p e c i e s  form 
d u r i n g  e t h a n e  (and propane) a d s o r p t i o n  even a t  25'C.(8) Grubb h a s  
a l s o  observed t h a t  on open c i r c u i t  a p p r e c i a b l e  amounts o f  methane de- 
s o r b  from propane anodes i n  f u e l  c e l l s  o p e r a t i n g  a t  65'C.(14) 
methylene r a d i c a l  w i t h  t w o  carbon bonds t o  t h e  s u r f a c e  m a y  r e p r e s e n t  
t h e  p r i n c i p a l  s p e c i e s  i n  p a r a l l e l  w i t h  t h e  C2H2 of wave 2 which a lso 
has  two s u r f a c e  bonds p e r  carbon atom.) 

(The 

The C 1  s p e c i e s  i n  t u r n  appear  t o  react r e a d i l y  w i t h  water t o  
form a p a r t i a l l y  oxygenated mater ia l  w h i c h  c o r r e s p o n d s  t o  t h e  pre- 
v i o u s l y  proposed "CO-like" s p e c i e s  of Niedrach(  8) and t h e  "reduced 
C02" of G i n e r ( l 5 ) ,  and which Giner  h a s  also more r e c e n t l y  found t o  be 
formed d u r i n g  t h e  o x i d a t i o n  of  h y d r o c a r b o n s ( l 6 ) .  The s p e c i f i c  i d e n t -  
i t y  of  t h e  oxygenated s p e c i e s  is as y e t  unknown and t h e  r e a c t i o n  c a n  
t h e r e f o r e  b e s t  be r e p r e s e n t e d  by: 

- CH 0 (4) S-CHa + b H20 + C S  -S(c+l )  + (a  + 2b-d) H+ + (a  + 2b-d)e. d b  
That  b o t h  t h e  C 1  s p e c i e s  and t h e  p a r t i a l l y  oxygenated s p e c i e s  are 
p r e s e n t  on t h e  s u r f a c e  and o x i d i z e  o v e r  t h e  s a m e  p o t e n t i a l  range is 
i n d i c a t e d  by t h e  new hydrogenat ion  exper iments  w i t h  methane and e thane .  
S ince  Eq. (3) r e p r e s e n t s  a "cracking" r e a c t i o n ,  and Eq. ( 4 )  a "re- 
forming" r e a c t i o n ,  t h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  i t  would be 'pro- 
f i t a b l e  t o  d i r e c t  a t t e n t i o n  toward t h e  s t u d y  of  t h e  behavior  of a l -  
t e r n a t i v e  ca t a lys t s  i n  promoting s u c h  r e a c t i o n s .  

With r e g a r d  t o  t h e  more r e f r a c t o r y  s p e c i e s  of wave 2 ,  which 
o x i d i z e  o n l y  a t  h i g h e r  p o t e n t i a l s ,  i t  is  l i k e l y  t h a t  an e n t i r e l y  
d i f f e r e n t  mechanism of o x i d a t i o n  p r e v a i l s .  T h i s  c o n c l u s i o n  is based 
upon Gilman's o b s e r v a t i o n  t h a t  c o n v e r s i o n  t o  t h e  species of  wave 1 is 
s low(6) .  I t  is t h e r e f o r e  l i k e l y  t h a t  o x i d a t i v e  a t t a c k  o c c u r s  b e f o r e  
t h e  C-C bonds are r u p t u r e d .  T h i s  c o u l d  r e s u l t  i n  t h e  format ion  of 
a l c o h o l - l i k e  s p e c i e s  as i n t e r m e d i a t e s .  I t  should  be emphasized, how- 
e v e r ,  t h a t  s u c h  i n t e r m e d i a t e s  w i l l  undoubtedly be q u i t e  d i s t i n c t  from 
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t h o s e  involved  i n  t h e  d i rec t  o x i d a t i o n  of a lcohol - type  f u e l s  a t  
moderate t e m p e r a t u r e s .  The a l c o h o l - l i k e  s p e c i e s  d e r i v e d  from hydro- 
c a r b o n s  would be  s t r o n g l y  bound t o  t h e  s u r f a c e  by m u l t i p l e  carbon-  
metal l i n k a g e s ,  and hence complete  o x i d a t i o n  t o  C02 would be 
a s s u r e d .  With a l c o h o l  f u e l s  i t  is more l i k e l y  t h a t  weaker bonds be- 
tween t h e  oxygen and t h e  m e t a l  are involved .  T h i s  is sugges ted  by 
t h e  incomplete  o x i d a t i o n  t o  o r g a n i c  a c i d s  t h a t  is o f t e n  observed wi th  
a l c o h o l s ( l 7 )  a t  moderate tempera tures .  I t  is f u r t h e r  s u p p o r t e d  by 
t h e  behavior  o f  a l c o h o l s  towards deuter ium exchange, where i t  is 
found t h a t  t h e  h y d r o x y l i c  hydrogen undergoes exchange most r e a d i l y (  18) . 
CONCLUSIONS 

The behavior  of s a t u r a t e d  hydrocarbons on p l a t i n u m  catalyzed 
f u e l  c e l l  anodes i s  s t r o n g l y  i n f l u e n c e d  b y  t h e  rate of a d s o r p t i o n  and 
t h e  a b i l i t y  of t h e  ca ta lys t  t o  promote "cracking" of C-C bonds as w e l l  
as t h e  r e a c t i o n  of C 1  r a d i c a l s  wi th  water. Both t h e  rate of adsorp- 
t i o n  and t h e  c a t a l y t i c  a c t i v i t y  of t h e  p la t inum have pronounced pos i -  
t i v e  tempera ture  c o e f f i c i e n t s .  

S p e c i e s  p r e s e n t  on t h e  e l e c t r o d e  s u r f a c e  i n c l u d e  C 1  r a d i c a l s  and 
p a r t i a l l y  oxygenated C 1  s p e c i e s  i n  a l l  cases. I n  t h e  case of  e t h a n e  
and h i g h e r  hydrocarbons mul t icarbon s p e c i e s  are also p r e s e n t .  These 
are s t r o n g l y  bound t o  t h e  s u r f a c e  by m u l t i p l e  carbon-metal  bonds and 
are r e l a t i v e l y  r e f r a c t o r y .  

p a t h s  are fo l lowed by e t h a n e  and h i g h e r  hydrocarbons.  One p a t h  re- 
s u l t s  i n  t h e  f o r m a t i o n  o f  t h e  r e l a t i v e l y  r e f r a c t o r y  s p e c i e s .  The more 
d e s i r a b l e  p a t h  r e s u l t s  i n  "cracking" of t h e  carbon c h a i n  t o  form t h e  
C 1  r a d i c a l s  and t h e  p a r t i a l l y  oxygenated s p e c i e s .  

h i g h e r  molecular  w e i g h t  hydrocarbons t o  form C 1  r a d i c a l s  and also pro- 
mote t h e  r e a c t i o n  of t h e s e  f ragments  w i t h  water. 

A f t e r  a pr imary a d s o r p t i o n  s t e p ,  a t  l eas t  two d i s t i n c t  r e a c t i o n  

C a t a l y s t s  f o r  hydrocarbon anodes should  promote t h e  c r a c k i n g  of 

I n  view of  t h e  many s p e c i e s  p r e s e n t  on t h e  e l e c t r o d e  s u r f a c e  and 
t h e  changes i n  coverage  and composi t ion  w i t h  t e m p e r a t u r e ,  p o t e n t i a l ,  
and t i m e ,  much a t t e n t i o n  t o  a n a l y t i c  de t a i l  w i l l  be r e q u i r e d  b e f o r e  a 
d e f i n i t i v e  mechanism c a n  be d e r i v e d .  A l l  of t h e s e  factors  must be con- 
sidered i n  v a l i d  i n t e r p r e t a t i o n s  of e l e c t r o c h e m i c a l  performance data. 
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FIG 3 CURRENT-POTENTIAL I T I Y E )  TRACES FOR YETHANE AND ETHANE AFTER 
DIFFERENT ADSORPTION T I N E S  
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FIG. 4 CURRENT-POTENTIAL (TIME) TRACES FOR METHANE 
ADSORBED AT SEVERAL TEMPERATURES. 
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